Mycophenolic acid, a specific inhibitor of IMP dehydrogenase (IMPDH; EC 1.1.1.205), is a potent inhibitor of Pneumocystis carinii growth in culture, suggesting that IMPDH may be a sensitive target for chemotherapy in this organism. The IMPDH gene was cloned as a first step to characterizing the enzyme and developing selective inhibitors. A 1.3-kb fragment containing a portion of the P. carinii IMPDH gene was amplified by PCR with two degenerate oligonucleotides based on conserved sequences in IMPDH from humans and four different microorganisms. Northern hybridization analysis showed the P. carinii IMPDH mRNA to be approximately 1.6 kb. The entire cDNA encoding P. carinii IMPDH was isolated and cloned. The deduced amino acid sequence of P. carinii IMPDH shared homology with bacterial (31 to 38%), protozoal (48 to 59%), mammalian (60 to 62%), and fungal (62%) IMPDH enzymes. The IMPDH cDNA was expressed by using a T7 expression system in an IMPDH-deficient strain of Escherichia coli (strain S1101). E. coli S1101 cells containing the P. carinii IMPDH gene were able to grow on medium lacking guanine, implying that the protein expressed in vivo was functional. Extracts of these E. coli cells contained IMPDH activity that had an apparent K m for IMP of 21.7 ؎ 0.3 M and an apparent K m for NAD of 314 ؎ 84 M (mean ؎ standard error of the mean; n ‫؍‬ 3), and the activity was inhibited by mycophenolic acid (50% inhibitory concentration, 24 M; n ‫؍‬ 2
Pneumocystis carinii is an opportunistic pathogen that has become a serious threat to immunodeficient patients. P. carinii pneumonia was the leading cause of morbidity and mortality in AIDS patients in the United States and remains common even with widespread use of prophylaxis (30) . Chemotherapy for this pneumonia is limited by side effects associated with the compounds considered drugs of choice. Since the biology of P. carinii is poorly understood, chemotherapy designed specifically for this organism has lagged behind drug development for other pathogens.
Because of the critical need for new therapy, some of the genes that have been cloned from P. carinii are being evaluated as potential targets for new or improved anti-Pneumocystis drugs. The targets being studied and the compounds that effectively inhibit these gene products include folic acid synthase (sulfonamides), dihydrofolate reductase (antifolates such as trimethoprim, trimetrexate, and piritrexim), ␤-tubulin (benzimidazoles), and ATP-dependent topoisomerase (pentamidine and its analogs) (30) . A self-splicing group I intron (35) that was found within the 16S and the 26S rRNA genes of P. carinii but that was found to be absent from those of humans is also being pursued as a therapeutic target. The splicing of this intron is inhibited by some aminoglycosides, tetracycline, pentamidine, and L-arginine (26) , but only pentamidine has in vivo activity against the organism.
IMP dehydrogenase (IMPDH; EC 1.1.1.205) is an exploitable target for chemotherapy in several organisms (3, 41) . IMPDH catalyzes the NAD ϩ -dependent conversion of IMP to XMP (Fig. 1) . In many organisms this reaction is the ratelimiting step for de novo synthesis of guanine nucleotides (18) .
turer's protocol for the Random Primed Labeling Kit (United States Biochemical Corp., Cleveland, Ohio). DNA sequencing was performed with the Sequenase, version 2.0, kit (U.S. Biochemical Corp.). Two oligonucleotides were synthesized for use as internal sequencing primers. These primers were referred to as RACE 53 (5Ј-CCGTTTGCTCCTCTATCG-3Ј) and RACE 33 (5Ј-GCAT TCATTACAGGATATCGG-3Ј).
Isolation of total RNA from P. carinii and Northern blot analysis. P. carinii organisms were cultured for 7 to 8 days in spinner flasks on monolayers of HEL cells (25) ; organisms in the supernatant were harvested by centrifugation and washed twice in phosphate-buffered saline. After suspension in medium to protect RNA from degradation (10) , RNA was isolated from the pelleted organisms and total RNA was electrophoresed on a formaldehyde-1.2% agarose gel (31) . The RNA was blotted onto a Nytran Maximum Strength Plus membrane by Northern transfer (1) . The blot was hybridized with the same probe used for Southern analysis.
5 and 3 RACE. Kits for 5Ј and 3Ј rapid amplification of cDNA ends (RACE) were used according to the manufacturer's instructions (Gibco BRL, Gaithersburg, Md.). Oligonucleotides for 5Ј and 3Ј RACE included RACE-32 (5Ј-GCA GGAACTACTGAATCTCC-3Ј; nucleotides 1193 to 1212 for 3Ј RACE) and RACE-51 (5Ј-CTGGTAATTTAGATGCTAAAGG-3Ј; nucleotides 719 to 740) for cDNA synthesis and RACE-52 (5Ј-AAGTGCTGTTAAGTTTCCTTCT-3Ј; nucleotides 661 to 682), a nested primer for PCR in the final step of 5Ј RACE.
Reverse transcriptase PCR (RT-PCR). Total RNA (0.5 to 1.0 g) from P. carinii was aliquoted into 0.5-ml RNase-free tubes, and the volume was brought up to 15.5 l with diethyl pyrocarbonate-treated H 2 O. The YRGMGS primer described above was used in a 25-l reaction mixture to reverse transcribe the P. carinii IMPDH mRNA (24) . The reverse-transcribed product was amplified by PCR with primers YRGMGS and IMPDH-RP2 (5Ј-TCGTTCATGTAAGAAG GG-3Ј) under the same PCR conditions described above.
Overlap extension of RACE and RT-PCR products. RT-PCR and RACE products purified on GlassMAX spin cartridges (Gibco BRL) served as templates for overlap extension (Gibco BRL Technical Services). Initially, the RT-PCR product and the 3Ј RACE fragment were extended. The extended product was purified, and overlap extension was performed again with the 5Ј RACE product. The full-length P. carinii IMPDH cDNA thus generated was cloned into pCRII for DNA sequencing. The newly constructed plasmid was designated pPCI-19.
Construction of the IMPDH-T7 expression vector. Two oligonucleotides, PCI-F (5Ј-GCGTGATATCATGAGTTCACCGATGGA-3Ј) and PCI-R (5Ј-CG GGATCCCGTTAACTCCAAAGCTTTTTTTG-3Ј), were designed with BspHI and BamHI restriction endonuclease sites at their 5Ј ends, respectively, in order to amplify by PCR IMPDH cDNA from pPCI-19 (pCRII-IMPDH recombinant clone). The PCR product was digested with the enzymes described above and was cloned into the NcoI and BamHI sites of the T7 expression vector pET-8c, generating pET/19-3C and pET/19-3H. Recombinant clones were identified by digesting plasmid DNA with BglII and BamHI, since the NcoI and BspHI sites were lost when they were ligated.
Expression of P. carinii IMPDH in Escherichia coli. A single colony of BL21(DE3) transformed with pET/19-3H was inoculated into 3 ml of LB medium with 100 g of ampicillin per ml, incubated overnight at 37ЊC, diluted 1:40 in LB medium containing 100 g of ampicillin per ml, and incubated for 4 h at 37ЊC. Expression of T7 RNA polymerase was induced by adding isopropyl-␤-Dthiogalactopyranoside (IPTG) to a final concentration of 1 mM. The culture was incubated at 37ЊC for 30 min. E. coli RNA polymerase was inhibited by adding 200 g of rifampin per ml. The culture was incubated at 37ЊC for an additional 2.5 h and was harvested at 10,000 rpm for 15 min. The pellet was resuspended in 1.5 ml of buffer A (10 mM sodium phosphate buffer [pH 7.0] containing 9 g of phenylmethylsulfonyl fluoride per ml, 20 g of leupeptin per ml, 50 g of trypsin per ml, and 50 g of aprotinin per ml). Cells were disrupted by sonication. The supernatant from centrifugation at 100,000 ϫ g for 15 min at 4ЊC was assayed immediately for IMPDH activity.
IMPDH enzyme assay. E. coli lysates were assayed spectrophotometrically for IMPDH catalytic activity (27) . A 1-ml enzyme reaction mixture consisting of 100 mM Tris-HCl (pH 8.0), 100 mM KCl, 3 mM EDTA, 0.1 mM allopurinol, and 275 to 575 M NAD was incubated at 37ЊC for 5 min with monitoring of the A 340 to detect the formation of NADH. The concentration of IMP in the reaction mixture was 180 to 360 M; the control, however, had no IMP. Reactions were done in duplicate and were initiated by the addition of enzyme.
Isolation of IMPDH from inclusion bodies. Recombinant protein was isolated from inclusion bodies by a modification of the procedure of Landman et al. (23) . The crude cell extract was centrifuged at 10,000 ϫ g for 15 min at 4ЊC. The pellet was resuspended in 1 ml of 50 mM Tris-HCl (pH 8.0)-1 mM dithiothreitol (DTT)-0.01 mM EDTA-10% glycerol; after sonication the preparation was centrifuged at 10,000 ϫ g for 15 min. The pellet was stored overnight at Ϫ70ЊC and was resuspended in 5 ml of 50 mM Tris-HCl (pH 8.0)-0.1 M DTT-5 M urea-1 mM EDTA, and the mixture was incubated at room temperature for 2 to 3 hrs. Urea was removed with a 50-ml column of Sephadex G-25 (fine) equilibrated with 50 mM Tris-HCl (pH 8.0)-1 mM DTT-0.01 mM EDTA. Fractions were assayed for protein and enzymatic activities. Samples of the fractions were loaded onto a sodium dodecyl sulfate (SDS)-12% polyacrylamide gel (22) for visualization of proteins by Coomassie blue staining.
Analysis of newly synthesized proteins. Incorporation of 35 S-Met was used to identify newly synthesized proteins (38) . Three-milliliter cultures were grown to an optical density at 600 nm of 0.4 to 0.5, and 1 ml was removed and centrifuged for 30 s. The cell pellet was washed once with 1 ml of M9 medium and was resuspended in 1 ml of M9 medium with 0.02% (each) an 18-amino-acid mixture (minus Met and Cys). The resuspended cells were incubated for 1 h at 37ЊC and were then split into two 0.5-ml samples. One of the 0.5-ml samples was induced with 1 mM IPTG (final concentration). Both samples were incubated at 37ЊC for 30 min, at which time rifampin (200 g/ml) was added to both tubes. The cultures were incubated for 30 min at 37ЊC. Translation-grade 35 S-Met (10 Ci; NEN, Boston, Mass.) was added to the samples, and the mixtures were incubated for 5 min at 37ЊC. The reaction was stopped by centrifuging the culture for 30 s. The medium was discarded, and the cells were resuspended in 100 l of 60 mM Tris-HCl (pH 6.8) containing 3% SDS, 1% ␤-mercaptoethanol, 10% glycerol, and 0.01% bromophenol blue. The samples were boiled for 5 min, and 20 l of each sample was resolved by SDS-polyacrylamide gel electrophoresis (PAGE) on a 12% polyacrylamide gel.
14 C-methylated protein markers (Amersham, Arlington Heights, Ill.) were used as molecular weight standards. The gel was fixed for 1 h in 30% methanol-10% acetic acid, soaked in En 3 Hance (NEN) for 1 h, and washed with cold tap water for 30 min. The gel was dried overnight before being placed in an X-ray cassette for fluorography with XAR-5 film and an intensifying screen. The film was developed after a 24 h of exposure by using an X-OMAT rapid process developer.
Experiments with IMPDH-deficient E. coli. E. coli S1101 (supplied by Sabrina van Ginkel, Southern Research Institute, with permission of Per Nygaard, Department of Biological Chemistry, Institute of Molecular Biology, University of Copenhagen) requires methionine, thiamine, and guanine for growth. The strain lacks IMPDH, which confers the growth requirement for guanine. E. coli S1101 was sequentially transformed with plasmid pET-8c containing an ampicillin resistance marker and the putative P. carinii gene for IMPDH driven by a T7 promoter and with plasmid pGP1-2 containing a gene for T7 RNA polymerase and a kanamycin resistance marker. The T7 RNA polymerase gene was under the control of the temperature-sensitive repressor cI857, which was expressed at 30 to 37ЊC but inactivated at 42ЊC; therefore, a temperature shift to 42ЊC could be used to turn on the synthesis of the T7 RNA polymerase and, in turn, transcription of the P. carinii IMPDH gene. In mid-logarithmic phase, T7 RNA polymerase expression was induced by a temperature shift to 42ЊC for 30 min, and the cultures were allowed to grow at 37ЊC for an additional 4 to 6.5 h. The cultures were harvested by centrifugation, and the cells were washed, resuspended in buffer A, and sonicated as described above.
Nucleotide sequence accession number. The nucleotide sequence of the entire P. carinii IMPDH cDNA was assigned GenBank accession number U42442.
RESULTS

Susceptibility of P. carinii to known IMPDH inhibitors.
Growth of P. carinii in short-term culture is inhibited by agents such as trimethoprim-sulfamethoxazole, primaquine-clindamycin, and pentamidine, which are also known to be effective in animals and humans (40) . The culture system has also been used to predict the activities of experimental compounds. For example, albendazole was active against P. carinii in culture (4) and in animals (5), whereas the imidazole antifungal agents FIG. 1. Metabolic pathway illustrating role of IMPDH. Enzymes shown in the pathway are indicated as follows: 1, purine nucleoside phosphorylase; 2, hypoxanthine-guanine phosphoribosyl transferase; 3, GMP synthase; 4, adenylosuccinate synthase and adenylosuccinate lyase, respectively (two-step reaction); 5, AMP deaminase; 6, adenine phosphoribosyl transferase; 7, adenine deaminase; 8, adenosine kinase; 9, adenosine deaminase. IMPDH is also shown.
VOL. 41, 1997 P. CARINII IMP DEHYDROGENASE 41 were not active in culture or animal models (7) . A known inhibitor of IMPDH, mycophenolic acid, was tested against P. carinii in this culture system and was a highly effective inhibitor of the growth of P. carinii (Fig. 2) ; the monolayer host cells showed no sign of toxicity during this short-term culture. The sensitivity of P. carinii to low concentrations of mycophenolic acid implied that the purine metabolic pathway was present in P. carinii and that inhibition of that pathway might be detrimental to the organism. Tests were attempted in a rat model of P. carinii pneumonia (6), but the toxicity of the drug precluded adequate testing in animals (data not shown), suggesting that more specific inhibitors of P. carinii IMPDH would be needed for successful therapy. Therefore, the cloning of IMPDH from P. carinii was undertaken as a first step in this process. Cloning of the cDNA encoding P. carinii IMPDH. The amino acid sequences of IMPDH enzymes from E. coli (39) , Bacillus subtilis (20) , Leishmania donovani (44), mouse (40), Chinese hamster (11), and human (11, 28) cells, which have two isozymes, were compared and aligned for homology by using the CLUSTAL V program in PC/Gene, version 6.8 (Fig. 3) . The alignment revealed three conserved regions referred to as MDTVTE, GSICIT, and YRGMGS, respectively, on the basis their single-letter amino acid abbreviations. MDTVTE fell in the N-terminal portion of the protein, whereas YRGMGS was near the carboxy terminus, with GSICIT near the middle of the protein. The three hexapeptide sequences were converted from the amino acids into nucleotide sequences, taking into account the codon bias observed in other P. carinii genes. Oligonucleotide PCR primers, named for the amino acid sequences, were 5Ј-ATG GA(T/C) ACN GTN ACN GA-3Ј (MDTVTE), 5Ј-GA(A/T) CCC AT(A/T) CC(A/T) CG(A/G) TA-3Ј (YRGMGS), and 5Ј-GGN TCN AT(A/T) TG(T/C) AT(A/T) AC-3Ј (GSICIT). These degenerate primers were used in various combinations to amplify a portion of the IMPDH gene from P. carinii. A 1,369-bp fragment was amplified in the presence of 2.5 to 3.0 mM MgCl 2 with primers MDTVTE and YRGMGS, but no product was obtained in the presence of lower magnesium concentrations. An amplified DNA product was not obtained with the GSICIT primer at any concentration of magnesium.
Use of the 1.3-kb product amplified from P. carinii genomic DNA to screen a cDNA library from P. carinii produced clones that shared sequences with the 1.3-kb product, but no clones contained the entire gene. Since the 1.3-kb product represented the middle of the IMPDH gene, RT-PCR and 5Ј RACE and 3Ј RACE reactions seemed ideal techniques for obtaining the missing 5Ј and 3Ј ends of the gene.
Oligonucleotides directed at internal sequences of the 1.3-kb genomic PCR product were designed and used in RT-PCR and 5Ј RACE and 3Ј RACE reactions as described in Materials and Methods (Fig. 4) . The primer for 3Ј-RACE (5Ј-GCA GGA ACT ACT GAA TCT CC-3Ј) was near the 3Ј end of the 1.3-kb fragment. The product obtained from this procedure contained a poly(A) tail approximately 60 bp long; the entire product was 546 bp. RT-PCR was performed with the primer YRGMGS near the 3Ј end of the 1.3-kb product and another oligonucleotide (IMPDH-RP2; 5Ј-TCG TTC ATG TAA GAA GGG-3Ј) near the middle of the 1.3-kb fragment. These primers yielded a product of 648 bp. The 5Ј RACE procedure used two primers near the middle of the 1.3-kb fragment. The first primer (5Ј-CTG GTA ATT TAG ATG CTA AAG G-3Ј) was used to generate cDNA with a homopolymeric dCMP tail to serve as an anchor for the second round of PCR with a second primer (5Ј-AAG TGC TGT TAA GTT TCC TTC T-3Ј) just to the 5Ј side of the first primer. This procedure gave a product of 682 bp.
In order to obtain the full-length cDNA encoding P. carinii IMPDH, it was necessary to join the three smaller fragments into one large DNA fragment. It was possible to obtain the full-length cDNA for the P. carinii IMPDH gene because the primers for RACE were designed so that the 3Ј end of the 5Ј RACE product overlapped the 5Ј end of the RT-PCR product and the 3Ј end of the RT-PCR product overlapped the 5Ј end of the 3Ј RACE product (Fig. 4) . These overlapping regions were complementary to each other, and by annealing to each other, they acted as primers for AmpliTaq DNA polymerase to extend in the first PCR cycle. The initial overlap extension reaction joined the cDNA from the RT-PCR (682 bp) and the 3Ј RACE reaction (546 bp) to produce a 1.1-kb fragment. This fragment included the portion of the cDNA for P. carinii IM-PDH beginning with oligonucleotide IMPDH-RP2, a primer used to sequence the 1.3-kb genomic PCR product, at the 5Ј end through the 3Ј poly(A) tail. This fragment was used in the second overlap extension reaction with the 5Ј RACE product to generate the full-length cDNA, which was a 1.7-kb fragment (Fig. 5) . The entire P. carinii IMPDH cDNA was cloned into pCRII for sequencing.
Characterization of the P. carinii IMPDH gene. The sequence of the 1.3-kb genomic fragment contained five putative introns of 144, 48, 52, 48, and 45 nucleotides on the basis of the presence of the characteristic 5Ј-GT and 3Ј-AG splicing signal. These putative introns were very A/T-rich, like introns identified in other published P. carinii genes (13) (14) (15) . Primer GSICIT, which failed to amplify DNA, was found to span an intron-splicing site, as determined from the sequence.
When the putative introns were removed from the sequence, an open reading frame of 1,032 bp was generated. The DNA sequence of the 648-bp RT-PCR product was identical to that of the same region of the 1.3-kb genomic PCR product without the putative intron sequences. This result confirmed that the regions identified as introns in the 1.3-kb genomic PCR product were authentic introns on the basis of the absence of these sequences in the RT-PCR product. The DNA sequence of the 546-bp 3Ј RACE product revealed a polyadenylation signal, AATAAA (16) , within the 3Ј untranslated region, as well as the poly(A) tail. The translated protein had a 63% amino acid homology with mammalian IMPDHs, whereas the homology among mammalian IMPDHs was 83 to 99% (Fig. 3) .
PFGE and Southern analysis of PFGE-resolved P. carinii chromosomes were performed to verify that the amplified DNA product did not originate from the human feeder cells that contaminate preparations of DNA isolated from cultured P. carinii (Fig. 6A and B) . The 1.3-kb fragment, labeled with [␣-32 P]dCTP, hybridized specifically to a single chromosome from rat-derived (430-kb) and mouse-derived (410-kb) P. carinii (Fig. 6B) . No hybridization signal was observed with yeast or bacteriophage lambda markers or the P. carinii isolated from infected ferret lung. The absence of a hybridization signal from the 1.3-kb probe with ferret P. carinii chromosomes may be due to differences among P. carinii organisms infecting different hosts (34, 37, 42, 43) . The nucleotide sequence of the amplified product was not identical to that of the human cDNA, and no hybridization band was observed in the upper one-fourth of the gel, which is where human chromosomes run in this system. These results provide additional evidence that the 1.3-kb fragment did not originate from the feeder cells.
The same probe used for Southern hybridization studies was used to probe a Northern blot of total RNA from P. carinii in order to determine the size of the mRNA encoding IMPDH. A single band of 1.6 kb was observed on the autoradiogram (Fig.  7) . This result was consistent with the size of the full-length transcripts for human (1,654 nucleotides [28] ) and Chinese hamster (1,614 nucleotides [11] ) IMPDHs. The size of transcript led us to believe that we had isolated the full-length cDNA. FIG. 3 . Amino acid homology among eukaryotic IMPDH proteins. The CLUSTAL V program was used to align and show homology among nine eukaryotic IMPDH proteins. Hyphens are used to insert gaps to optimize alignment of amino acids. Amino acids identical in all proteins are denoted with an asterisk, and conserved residues are marked with a caret. The IMPDH signature site is in boldface letters. Underlined amino acids represent amino acids used to design degenerate PCR primers. PC, P. carinii; SC, S. cerevisiae; CH, Chinese hamster; MU, mouse; HS1, human type I; HS2, human type II; DM, Drosophila melanogaster; LD, L. donovani; TB, T. brucei.
Expression of the P. carinii IMPDH gene. The cDNA encoding P. carinii IMPDH was cloned into the T7 expression vector pET-8c as described in Materials and Methods for highlevel expression in E. coli. The T7 promoter, in the presence of T7 RNA polymerase, is so strong that nearly all protein synthesis in the cell is directed at making recombinant protein.
E. coli BL21(DE3) cells that have a chromosomal copy of T7 RNA polymerase were transformed with pET/19-3H containing the putative gene for P. carinii IMPDH. T7 RNA polymerase was expressed by inducing the culture with IPTG. E. coli cells transformed with the recombinant IMPDH gene and induced with IPTG were shown by electron microscopy to contain inclusion bodies that occupied 25 to 33% of the cytoplasm, When induced cultures were grown in the presence of [ 35 S]methionine, a 50-kDa protein was the only newly synthesized protein detected (Fig. 8) .
Characterization of the recombinant P. carinii IMPDH protein. Inclusion bodies from recombinant organisms were solubilized with urea, and the solubilized protein was subjected to Sephadex G-25 column chromatography and SDS-PAGE. The molecular size of the predominant protein was approximately 50 kDa as predicted, but IMPDH catalytic activity was not detected by using several different conditions of assay.
The 50,000-molecular-weight protein, isolated by urea solubilization and G-25 column chromatography, was subjected to amino acid sequencing. The sample was digested with trypsin because the protein appeared to be N-terminally blocked. Trypsin cleavage products were separated by reverse-phase high-pressure liquid chromatography, and three peptides were selected at random for sequencing. The sequences of the three fragments were DIQFHNNDESFLSEV, EFPNLEVIAGN VVT, and KFENGFITSPIVLS. The sequences of all 43 amino acids sequenced exactly matched the deduced amino acid sequence of the cDNA for P. carinii IMPDH. These three peptides showed only 25% homology with those regions of E. coli IMPDH (Fig. 9 ) and overall showed 32% homology with the complete sequence of the E. coli IMPDH protein (Table 1) . Therefore, it was unlikely that the three peptides originated from E. coli IMPDH.
E. coli S1101 lacks IMPDH activity and requires methionine, thiamine, and guanine for growth (28a) . Experiments were performed to determine if IMPDH synthesized from the P. carinii IMPDH gene could function catalytically in E. coli S1101 and thus confer the ability to grow in the absence of guanine. Methionine and thiamine were supplied to all transformants and controls. Untransformed E. coli S1101 cells failed to grow in the absence of guanine, as did transformants containing only pET-8c, pGP1-2, or pET/19-3C (data not shown). Doubly transformed cells (S1101 with pET/19-3C and pGP1-2, which supplies the T7 RNA polymerase gene) gained the ability to grow in the presence of both ampicillin and kanamycin, as well as the ability to grow in the absence of guanine. These results implied that catalytically active P. carinii IMPDH is produced in the doubly transformed E. coli.
E. coli S1101 doubly transformed with pET/19-3C and pGP1-2 was grown in the presence of ampicillin, kanamycin, methionine, and thiamine. Control cultures of untransformed E. coli S1101 cells were grown in the presence of methionine, thiamine, and guanine. The supernatants obtained by centrifugation of sonicated extracts of each culture at 100,000 ϫ g were assayed for IMPDH activity. IMPDH activity was found only in the doubly transformed E. coli cells containing the P. carinii IMPDH gene, again implying that catalytically active P. carinii IMPDH is synthesized in this organism. IMPDH activity was defined as a reduction of NAD that was dependent on the presence of IMP; background rates of NAD reduction were low under the standard conditions of the assay.
The catalytic activity was characterized in these supernatants obtained by centrifugation at 100,000 ϫ g. The reaction was linear with enzyme concentration over 7 min under the standard conditions of the assay. The apparent K m for IMP was 21.7 Ϯ 0.3 M in three separate preparations, whereas the K m for NAD was 314 Ϯ 84 M (mean Ϯ standard error of the mean; n ϭ 3). The activity was inhibited by mycophenolic acid, with 50% inhibitory concentrations of 18 and 29 M in two experiments.
DISCUSSION
By taking advantage of strong homology in selected regions of IMPDH, we were able to amplify a fragment of the IMPDH gene from genomic P. carinii DNA. The full gene for this putative P. carinii IMPDH was obtained by combining the techniques of 5Ј RACE, 3Ј RACE, and RT-PCR with overlap extension. The resulting product with a 3Ј poly(A) tail and a 5Ј start codon was 1.7 kb.
Several lines of evidence confirmed that the gene isolated by this procedure was from P. carinii. The nucleotide sequence for the entire gene showed strong homology to the sequences of IMPDH genes from several sources, but it was not identical to any of them. Homology at the nucleotide level with the two human forms of IMPDH was 50 to 52%; it is important to examine these forms of IMPDH because the P. carinii isolate used to produce genomic DNA for the original isolation was grown on human embryonic lung cells. Additional evidence supporting the identification of the material as a gene from P. carinii came from Southern and Northern blot analyses, both 9 . Alignment of amino acid sequences of three peptides from P. carinii IMPDH with the sequence of corresponding peptides from E. coli. P. carinii IMPDH expressed in E. coli was partially purified and exposed to trypsin digestion, and the resulting peptides were purified by high-pressure liquid chromatography. Three purified peptides available in adequate yields were chosen for amino acid sequencing, as described in Materials and Methods.
of which showed that the 1.3-kb PCR product amplified from P. carinii genomic DNA reacted with P. carinii nucleic acid but not with material from the mammalian host. PFGE also supported the identification of this product as the gene from P. carinii, in that the probe hybridized with only a single chromosome in rat-derived P. carinii and failed to react with mammalian chromosomes. This probe was used in separate experiments that demonstrated remarkable chromosomal polymorphism among different forms of P. carinii (12, 43) .
The amino acid sequence deduced from the cDNA encoding P. carinii IMPDH was confirmed by sequencing three peptides from a tryptic digest of the recombinant protein expressed from a T7 promoter and purified after solubilizing the E. coli inclusion bodies with urea. The degree of identical amino acids found between P. carinii IMPDH and mammalian enzymes (60 to 62%) and with the only known fungal IMPDH enzyme, Saccharomyces cerevisiae (62%) (19) , provided further support that the cDNA that we cloned encodes the P. carinii enzyme. Moreover, codon bias fit the pattern known from other P. carinii genes.
The cDNA for the cloned IMPDH gene was determined to be 1,739 bp. Although the exact size of the genomic copy of the gene is not known because the genomic gene was not cloned, it must be equal to or exceed 2,078 bp (the number of nucleotides in the introns identified in the genomic PCR product plus the size of the cDNA). The five introns are located between nucleotides 467 and 468, 1005 and 1006, 1023 and 1024, 1051 and 1052, and 1134 and 1135 of the cDNA, and the polyadenylation signal includes nucleotides 1651 to 1656. The P. carinii IMPDH nucleotide sequence of the cDNA and the introns within the genomic fragment are very A/T-rich, which is consistent with the sequences of other published P. carinii genes (13) (14) (15) .
The open reading frame for P. carinii IMPDH encodes a protein with 454 amino acids and a molecular weight of 50,000, making it the smallest IMPDH protein identified to date (Fig.  3) . Comparisons of our deduced P. carinii IMPDH amino acid sequence with all the published enzyme sequences revealed the greatest identity with fungal IMPDH and mammalian enzymes (Table 1) , as expected. Protein homology is greatest within the C-terminal half of the enzyme. Less homology was found between P. carinii IMPDH and protozoal enzymes or between the P. carinii protein and bacterial IMPDHs (Table 1) (2, 9, 11, 19, 20, 28, 33, 39, 40, 44, 45) .
The enzyme was shorter than the enzymes from higher eukaryotes, with which it shares the greatest sequence homology, but was similar to these enzymes in other ways. For example, P. carinii and another fungus (S. cerevisiae) have IMPDH proteins with pIs of 8.54. These values were calculated using the CHARGPRO program in PC/Gene, version 6.8, which plots the charge on the protein as a function of pH. The pI for P. carinii IMPDH was strikingly different from that for mammalian (6.13 to 6.91) or bacterial (5.84 to 6.18) IMPDH. Protozoal IMPDH is more diverse; L. donovani and Trypanosoma brucei have basic pI values (8.86 and 8.51, respectively), but Tritrichomonas foetus has a pI of 6.17.
The amino acid composition of P. carinii IMPDH was analyzed with the PROSITE program in PC/Gene in order to identify sites and signatures with potential biological significance. Five potentially significant sites were detected. Possible sites for four different types of posttranslational modifications included six protein kinase C and 11 casein kinase II phosphorylation areas, three N-glycosylation signatures, and 12 potential N-myristoylation sites. The fifth signature sequence identified was a single IMPDH-GMP reductase site. This region of the protein spans amino acids 253 to 265 (Fig. 3) . Gly-X-Gly-X-Gly is the motif considered to be responsible for dehydrogenase activity within proteins possessing this sequence. The Gly-X-Gly-X-Gly motif is present in all known IMPDHs in the C-terminal portion of the enzymes. Tiedeman and Smith (40) observed IMPDH catalytic activity in both the smaller E. coli protein and a truncated mouse enzyme produced as a result of expressing a mouse IMPDH clone which did not contain the full-length cDNA but which did contain this motif.
Growth of the doubly transformed S1101 cells and IMPDH activity detected in supernatants obtained by centrifugation of extracts of these cells at 100,000 ϫ g demonstrates that the protein expressed from the cloned P. carinii IMPDH gene is catalytically active. Failure to observe activity in urea-solubilized inclusion bodies may reflect an altered tertiary structure of the protein. IMPDH proteins in bacteria and mammals are homotetramers (46) . Conditions for assembling homotetrameric enzyme from urea-solubilized inclusion bodies have not been determined, but optimization could improve the yield of catalytically active IMPDH. The tetramer may not be the only active form of the enzyme. Two groups have reported that The properties of the IMPDH protein from P. carinii suggest that the enzyme is worthy of consideration as a drug target for this organism. This conclusion is based on the potent action of mycophenolic acid in culture and the degree of amino acid homology between the P. carinii enzyme and the two human IMPDH isozymes. The two human enzymes are 59.9 to 62.3% homologous in amino acid sequence to the P. carinii enzyme. The differences between the mammalian forms of the enzyme and the P. carinii IMPDH confer a substantial difference in pI. Whether this difference in homology can also serve as the basis for selective binding of inhibitors that would have more activity against the organism and less toxicity for the human host is the subject for future studies.
